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ABSTRACT 

 

Motivated by experiments in which an applied electric field translocates polynucleotides through an 

α-hemolysin protein channel causing ionic current transient blockade, a hybrid simulation model is 

proposed to predict the conductance properties of the open channel. Time scales corresponding to ion 

permeation processes are reached using the Poisson Nernst Planck (PNP) electro-diffusion model in 

which both solvent and local ion concentrations are represented as a continuum. The diffusion 

coefficients of the ions (K+ and Cl-) input in the PNP model are however calculated from all-atom 

molecular dynamics (MD). In the MD simulations, a reduced representation of the channel is used. The 

channel is solvated in a 1MKCl solution, and an external electric field is applied. The pore specific 

diffusion coefficients for both ionic species are reduced five to seven times in comparison to bulk 

values. Significant statistical variations (17-45%) of the standard deviations of the pore-ions 

diffusivities are observed. Within the statistics, the ionic diffusivities remain invariable for a range of 

external applied voltages between 30 mV and 240 mV. In the 2D-PNP calculations, the pore stem is 

approximated by a smooth cylinder of radius ~9 Å with two constriction blocks where the radius is 

reduced to ~6 Å. The electrostatic potential includes the contribution from the atomistic charges. The 

MD-PNP model shows that the fixed charges are responsible for both the rectifying behavior of the 

channel. The atomic charges are also responsible for the slight anion selectivity of the α-hemolysin 
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pore. Independent of the hierarchy between the anion and cation diffusivities, the anionic contribution 

to the total ionic current will dominate. The predictions of the MD-PNP model are in good agreement 

with experimental data and give confidence in the present approach of bridging time scales by 

combining a microscopic and macroscopic model. 

 

Keywords: ionic current, α-hemolysin, Molecular Dynamics, Poisson Nernst Planck theory, ion 
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1 INTRODUCTION 

 

The principal functional role in nature of ion channel proteins is to provide a conduction pathway 

for ions to cross a cellular lipid membrane. One such example of a membrane protein channel is the α-

hemolysin (33.2 kD) produced by the Staphylococcus aureus α-toxin. The polypeptide spontaneously 

self-assembles into a homoheptameric channel and inserts itself into the cellular membrane. Leakage of 

ions and small organic molecules occurs leading to the lysis of the membrane and ultimately to the 

death of the cell [1]. A key property of the α-hemolysin channel is that under physiological conditions 

it remains open for extended times. At a given voltage, the mean conductance of the α-hemolysin 

channel varies linearly with the conductivity of the electrolyte solution [17, 18]. The channel exhibits a 

voltage-dependent instantaneous conduction, super-linear at positive voltages and sub-linear at negative 

voltages. Reverse potential experiments also show that the α-hemolysin channel is slightly selective for 

anions. This selectivity is increased at lower pH. 

Experimental studies with the α-hemolysin protein inserted in a lipid bilayer show that, in 1.0 M 

KCl solution, a 120mV applied potential produces a steady open channel ionic current of 120±5pA[2, 

19]. Translocation of single-stranded nucleic acid polymers causes partial blockade of ionic current 

through the channel. The level of fractional blockade differs for various nucleic acid homopolymers 

making it possible to use nanopores for DNA sequencing [2-5]. However, the fast translocation rate 

(~1-5 subunits per microsecond) and small differences in the levels of ionic current blockade present a 

challenge in signal-processing to achieve the desired single nucleotide resolution [26]. To design a 

 



nanopore with such resolution and properly model the effect of polynucleotides translocation, the basic 

properties of ionic flux through the α-hemolysin channel must first be simulated.  

Present experimental techniques allow structural determinations with atomistic resolution [1]. This 

enables tracking of many aspects of the ion permeation process using molecular dynamics (MD) 

simulations. However, calculation of conductance based solely on this method is still beyond the 

current computational limit [6, 8]. The time scale of physiological ion permeation is in the order of 

~100ns-1µs [15] while for a 100,000-atom system a reasonable upper limit with the present computer 

resources is about 10ns [8]. To model events that occur at this time scale and to reduce the loss of 

information due to the averaging of some of the system’s degrees of freedom, an appropriate strategy is 

to combine MD with continuum models such as Poisson-Nernst-Planck (PNP) or Eyring Rate Theory 

(ERT). Such a hierarchical approach allows a relatively quick computation of ionic fluxes and 

translocation times [6, 8, 9] once the critical information (structural details, transport coefficients, 

energies, etc.) has been extracted from MD [24, 30].  

 

This work combines MD with the PNP electrodiffusion theory to model ionic currents for the α-

hemolysin channel. The PNP model employs several simplifying assumptions. The solvent is 

approximated as a continuum in which polarized molecules are represented by a relative dielectric 

constant. The choice of the dielectric constants for both channel and solvent has a large impact on 

potential barriers resulting from fixed residues and polarization at the pore-channel boundary [43, 44]. 

Typical values of ε=20 in the protein and ε=80 in the solvent have been successfully used to predict ion 

currents for protein channels like the bacterial porin OmpF [9, 28] and gramicidin A [10]. Ions in PNP 

models are also represented as a continuum, where the ion concentration can be viewed as the un-

normalized time-averaged probability of finding an ion at a point within the system. Ion current 

calculations using PNP theory require careful choice of ion diffusion coefficients and mobilities. In 

particular, the PNP theory may overestimate ion currents if cation-anion correlations and concentration 

dependent diffusion coefficients, especially at high concentrations, are not included [28]. The regime in 

which the use of the PNP theory may be critical is for channels such as gramicidin in which large 

fluctuations measured for ion currents suggest single-file motion of the ions. Despite this, the PNP 

approach has been found to accurately predict ion currents measured for channels with diameters as 

small as 4Å [10, 45]. In addition, the ion density inside a protein channel calculated from PNP 



calculations is consistent with MD calculations [28]. Thus, as long as the ratio of solvent molecules to 

ions does not become discontinuous, the use of average diffusion coefficients and relative dielectric 

constants to mediate interactions between charges seems valid. 

The critical parameter to be determined from MD simulations is the diffusion coefficient of the ions 

within the pore. Besides the interaction with the water molecules, the diffusive motion of the ions is 

heavily influenced by the energy gradients produced by the channel protein. However, even if ion 

crossing events are not observed during the MD simulation time, an averaged diffusivity may still be 

used if the electrostatic potential of the protein is included in the PNP simulations. For various models 

of ion channels, the diffusion coefficient of ionic species was determined from the time evolution of the 

mean square displacement [15, 25] or from the decay of the velocity autocorrelation function [24]. 

Ionic diffusivities were appreciably reduced by narrow channels and associated with a diminished 

exchange of water molecules (hydration). This decrease seems to be independent of the secondary 

structure of the channel. The presence of a strong dipole field may, however, induce a directional drift.  

The goal of the present study is to combines atomistic (MD) and PNP simulations into a hybrid 

model in which all the parameters in the calculations are derived from structural data. This model is 

applied to predict the α-hemolysin conductance properties by implementing structural details and ionic 

diffusion coefficients from MD simulations into PNP. Only dynamics of the ions that contribute to 

current flow is considered, while the position of the atoms that form the pore and their charges remain 

fixed. The PNP model calculates ionic fluxes by combining the solutions of both electro-diffusion and 

Poisson (electrostatic potential maps) equations. This hybrid model provides a more realistic 

description than pure Nernst-Planck models or PNP models that do not account for atomistic details. 

 

2 MODEL OF THE ALPHA HEMOLYSIN PROTEIN CHANNEL 

 

 

The X-ray diffraction structure of the α-hemolysin protein (Fig. 1), determined with a resolution of 

1.9 Å at a temperature of 287 K and under physiological conditions is available for downloading (code 

7AHL) from the Protein Data Bank [1, 20]. The protein has a symmetrical structure (space group C121) 

that contains a total of 2051 amino acid residues organized in seven sequence-identical chains denoted 

A to G (Fig. 1). The sequence of one of the chains is indicated in Fig. 2. The pore of the mushroom-



shaped heptamer is ~100 Å long and ranges in diameter from ~12 Å in the transmembrane (stem) 

region to ~42 Å in the extra cellular (cap) region [21, 42]. The transmembrane domain is formed by a 

14-strand antiparallel beta barrel and has a hydrophobic character towards the exterior while being 

primarily hydrophilic towards the inside.  

For a more accurate determination of the pore internal diameters, the structure was first aligned with 

the pore axis along the z direction of the coordinate system, with the origin at the geometric center of 

the protein. The symmetry of the pore was then used to calculate the geometric center for equivalent 

atom locations along the seven chains [42]. The diameter is the minimum average distance to the 

geometric center of the atom sets selected at each axial position (Fig. 3). According to these 

calculations, the pore mouth has a diameter of 30 Å that within the first 10 Å from the pore entrance 

narrows down to 20 Å. The length of this cap constriction is about 10 Å. The cap then widens again 

such that the region around the geometric center of the channel exhibits the largest cavity (diameter 42 

Å) of the whole structure. The narrowest constriction of the pore (C1) is located another 10 Å down the 

axis channel, at the cap stem junction (Fig. 5). C1 is formed by two sets of amino-acid pairs separated 

by approximately 6Å: GLU(111) with LYS(147) and MET(113) with THR(145). The second pore 

constriction C2 is located closer to the pore-stem end (Fig. 5) and consists of a set of hydrophobic 

LEU(135) amino-acids. This information is summarized in Table 1. 

 

Table 1. The α-hemolysin pore stem constrictions. The axial position of the amino acids forming the 
two constrictions is measured from the pore geometric center (set at the origin of the system of 
coordinates). 

Constriction Amino acid Pore radius 
(Å) 

Type Axial position 
(Å) 

GLU (111) 7.4 Acid -11.9 

LYS (147) 6.1 Basic -14.2 

MET (113) 6.4 Hydrophobic 
(non-polar) 

-18.3 

C1 

THR (145) 8.2 Hydrophilic 
(polar) 

-20.4 

C2 LEU (135) 6.3 Hydrophobic 
(non-polar) 

-47.3 

 

The inner volume of the pore was calculated as the sum of the volume of cylinders 1 Å high with 

the diameter equal to the diameter of the pore corresponding to the axial position in the channel as 
 



shown in Fig. 3. A value of ~56,000 Å3 was calculated. A second value of ~48,000 Å3 was determined 

by calculating the Connoly volume [22] of the solvent molecules situated within the channel boundaries 

(Fig. 4) using a probe radius of 1.5 Å. Thus, when solvated in a 1M KCl solution, the pore should 

contain about ~30-34 ion pairs and about ~1665 water molecules (in a 1M solution there are 

approximately 55 water molecules per ion pair). 

The following residues had missing atoms in the X-ray structure and were replaced from the amino 

acid library of InsightII (Accelrys Inc.) molecular graphics software package: ARG66 and LYS75 in 

chain A, LYS30 and LYS240 in chain D, LYS283 and LYS30 in chain F. To reproduce conditions in 

the polymer translocation experiments [2-4], α-hemolysin (32,305 atoms) was protonated at neutral pH, 

resulting in a positively (+7e-) charged structure. The amino and carboxyl termini were patched with 

NH3
+ and COO- groups, respectively. Cl- counter ions were added to neutralize the system using the 

Amber7 software [13]. The Cornell 95 [12] force field was used to assign parameters for the potential 

functions and partial charges on the atoms. To minimize the energy of the structure, 250 steps of 

steepest descent followed by 1250 steps of conjugated gradient method were used in Amber7. By 

repeating this procedure, hydrogen atoms were minimized first, followed by side chains, all atoms 

except the α-carbons and finally all atoms. The RMSD value calculated for all the atoms was 0.8 Å, 

indicating that no significant deviation occurred during minimization.  

In the MD simulations, a simplified atomistic representation of the protein was generated in which 

all the residues of those α-Carbons positioned within 25 Å of the channel axis were selected (Fig. 3). 

The reduced representation of the pore had a total charge of –14e and was neutralized by adding K+ 

counter ions. The atoms forming the pore were not allowed to move during any of the simulations 

presented in this study.  

From each of the seven protein chains, an overall neutral sequence (LYS110 to LYS147) was also 

selected (Fig. 2) as a model for the pore stem in the PNP calculations. Although this selection has a 

zero total net charge, it corresponds to a total dipole of ~1500 D. The dipole positive charge center is 

located at the cap-stem junction, and it originates from the larger number of positively charged LYS 

(14) amino acids over the negatively charged GLU (only 7) amino acids. The dipole negative charge 

center is located at the stem end where there are more negatively charged ASP (14) amino acids than 

LYS (7) amino acids. The two centers are separated by a distance of ~47 Å (Fig. 5). The pore stem 
 



atoms of this selection are included within a continuum boundary defined in the PNP calculations 

(section 4).  

 

3 MOLECULAR DYNAMICS CALCULATIONS 

 
MD simulations were conducted using the NAMD software [11] on NASA-Ames Research Center 

(SGI, Origin 3000) supercomputers. A switching function was used to calculate the non-bonded 

interactions with a switch distance of 17.5 Å and a cutoff of 18.5 Å. To speed up the calculations and 

obtain longer MD timescales, a multiple time step algorithm (MTS) was used where the non-bonded 

interactions are evaluated periodically [40]. NAMD uses a non-bonded pair list that includes all pairs of 

atoms within a certain distance that may be updated periodically. The pair list distance was set in the 

present calculations to 20 Å and updated every 20 MD integration steps. Within the 20 steps cycle, the 

van der Waals and electrostatic interactions were updated at intervals of 2 and 4 steps, respectively. 

Also, to speed up the calculations, the RATTLE algorithm [16] was used to constrain all the bonds 

involving hydrogen atoms, thus allowing an increase in MD integration time to 2 fs. The Particle Mesh 

Ewald method [41] was used to evaluate the long-range electrostatics. 

The following equilibration procedure was used for MD simulations: 

1. 5000 iteration steps of energy minimization.  

2. 35,000 time steps during which the system was heated from 50K to 300K at every 5000 steps 

using the method of velocity reassignment. 

3. 350,000 time steps of MD equilibration (equivalent to 700 ps) at 300K using the MTS-NPT 

ensemble and the Berendsen thermostat and barostat.  

4. 500,000 time steps of MD production (equivalent to 1ns) at 300K using the NVE ensemble and 

an external applied electric field. An electric field of 0.029 kcal/mol/Å/e- (equivalent to the 

experimental value of 125 mV over the 100 Å long pore) is uniformly applied along the 

channel axis (see Fig. 6). 

The electrolyte solution consisted of a combination of SPC/E water molecules, K+ ions and Cl- ions. 

The extended simple point charge (SPC/E) model [23] was selected because it describes more 

accurately the dynamical (diffusion) and structural properties of liquid water at room temperature 

 



compared to other models [23, 32] and seems to be more appropriate to model properties of ionic 

solutions [27]. The intermolecular potential of SPC/E uses a Lennard-Jones (12-6) interaction between 

the oxygen atoms and coulomb interactions between partial electronic charges on the H  (q(H)=0.4238 

e-) and O (q(O)=-0.8476 e-) atoms. The SHAKE algorithm [34] is required by this model to conserve 

intramolecular constraints (r(OH)=1Å, θ(HOH) = 109.470).  

Roux parameters optimized from free energy calculations are used for both cations (K+) and anions 

(Cl-) [31]. The solvation energy for K+ is –79.6 kcal/mol and for Cl- is –79.4 kcal/mol. The van der 

Waals parameters for both the water model and for the ions are summarized in Table 2. For the off 

diagonal terms, the Lorentz-Berthelot mixing rules were used: geometric for the energy parameters (ε) 

and additive for the radii parameters (R*) [12].   

Table 2. Electrolyte solution Lennard-Jones parameters [23, 31] 

 σ (Å) ε (kcal/mol) 
O-O* 1.7767 0.1553 
K+-K+ 1.76375 -0.087 
Cl-Cl- 2.27 -0.15 

 

The properties of the water model were verified for a box of SPC/E water molecules (2790 residues, 

cubical UC, L~48 Å) at 300K. The first peak of the radial distribution of oxygen-oxygen atoms is 

located at 3 Å and has a height of gOO= 2.5, and the diffusion coefficient of the water molecules in the 

SPC/E model was calculated to be 2.7*10-9 m2/s. The density and average potential energy calculated 

in our simulations are 0.998 g/cc and -9.89 kcal/mol of molecule, respectively. This structural 

information is consistent with experimental [33] and modeling evidence [23, 32].  

To generate a periodic structure of the 1M KCl solution, the atom arrangement of the NaCl crystal 

in which the Na+ atoms were replaced by K+ atoms, was considered. The original unit cell is cubical 

(~5.6 Å) and contains 4 KCl pairs. First, a super cell was constructed using the Cerius2 molecular 

software (Accelrys Inc.) by considering two copies of the original unit cell in each of the three space 

directions and removing one pair of ions. This super cell was solvated and then equilibrated at room 

temperature. The dimensions of the equilibrated box are approximately 30 Å x 30 Å x 45 Å. A super 

cell of dimensions 90 Åx90 Åx135 Å was then generated by repeating three times the original cell in 

each direction of space. This final model contained 621 KCL pairs and 40959 water molecules 

 



(approximate ratio of 66). This structure was energy minimized over 1000 steps, heated from 50 K up 

to 300 K in steps of 50 K every 10 ps, and equilibrated for 200 ps at 300 K using the NPT ensemble 

with the Berendsen temperature and pressure coupling [34]. The diffusion coefficients of the two ion 

species are determined to be: 1.8*10-9 m2/s for K+ and 1.5*10-9 m2/s for Cl-. Reference values are 

1.83±0.05 10-9 m2/s for K+ and 1.8-2.9 10-9 m2/s for Cl- [36-38].  

This pre-equilibrated unit cell containing KCl solution was then superimposed over the α-

hemolysin structure. Overlapping ions and water molecules were removed and added back randomly to 

the unit cell to preserve the 1M concentration. The pore was fixed, and the procedure described in the 

beginning of section 3 was followed.  

If the entire alpha hemolysin structure is solvated into a periodic cell of approximately ~130 Å, the 

system contains 175,364 atoms. Using a cutoff value of 20 Å to calculate the long-range terms in the 

energy expression and a 2 fs integration time of the equations of motion, 3.52 days on 128 processors 

are required to reach 1ns of MD when fixed constraints are applied on the protein. Comparatively, the 

reduced system consists of only ~120,000 atoms when fully solvated and reaches 1ns MD time on 200 

processors in 1.3 days run-time again if the protein geometry is held fixed. For reasons of 

computational efficiency, in the present MD simulations the “reduced” representation of the protein 

(Fig. 3) was used.  

Fig. 1, Fig. 5 and Fig. 6 were generated with the Visual Molecular Dynamics (VMD) software 

developed by the Theoretical and Computational Biophysics Group in the Beckman Institute for 

Advanced Science and Technology at the University of Illinois at Urbana-Champaign [14].  

 
4 POISSON NERNST PLANCK CALCULATIONS 

 

Based on a simple scaling of the resistance with the pore cross-sectional area, most of the external 

potential difference applied experimentally over the pore drops linearly across the pore stem. To solve 

the 2D PNP equations, the pore stem was idealized by a smooth cylinder of radius 8.75 Å to which the 

two constrictions (C1 and C2) were added as solid blocks of widths 11 Å and 3 Å, respectively. As such, 

at these locations, the radius is reduced to 6.75 Å. The atomistic charges are included within the 

cylinder boundaries. A discretized grid of concentric rings with a resolution of 0.5 Å that corresponds 

 



to a cylindrical polar coordinate system was then considered (Fig. 3). In the axial direction, the pore 

occupies approximately 60% of the total grid space. The values of the dielectric constant of the pore 

and of the ionic solution are 20 and 80, respectively [30]. All PNP calculations in the present study 

were performed for a 1M KCl solution. 

In contrast to the MD calculations where discrete ion positions are considered, the PNP approach 

assumes a continuum distribution of ions. The ion concentration at a location is calculated as the time-

averaged un-normalized probability of finding an ion at that location. 

In one of the earliest forms, a reduced one-dimensional PNP implementation was used to describe 

ion permeation [47]. Extension of the theory to realistic 3-D cases has only recently been achieved [48]. 

Following the formalism of Hollerbach et al. [10], in the present approach a 2D-Poisson equation is 

used that relates the electrostatic potential φ  to the fixed charge density ρF and to the concentrations of 

the positive Cp and negative Cn carriers.  
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ε

φε +−−=∇∇          (1) 

where εr and εο are the relative and vacuum permitivities and q is the charge of the ionic carriers. The 

two concentrations are set initially at the bulk ion concentration. 

The total potential is calculated as the sum of the potential contribution from fixed atomic charges ΦF 

and of the potential contribution due to the ions, ΦD : 

DF φφφ +=             (2) 

As the value of the atomic charges is fixed during the simulation, ΦF is evaluated only once from the 

following Poisson equation: 
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Effects of surface polarization at the dielectric boundary and the external applied potential are also 

included in Eq. 3. The contribution from the ionic species, ΦD, is variable, and it is calculated 

iteratively: 
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Next, the ion flux, J, for each ion species (p for positive carriers and n for negative carriers) is 

approximated by the Nernst-Planck drift-diffusion equation: 
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where Di (m2/s) is the ion species diffusion coefficient, µι (m2/Vs) the corresponding mobility calculated 

from Eq. 7, kB (J/K) is the Boltzmann constant, T (K) is the absolute temperature and e (C) is the charge 

of an electron. Eq. 5 relates the current for each ion species to the force on the ion (first term) and the 

concentration gradients of the ion species (second term). The conservation condition given by Eq. 6 

simply states that the ionic current must be conserved at steady state. Eq. 1 - 7 are solved iteratively for 

the potential profile φ and the equilibrium ion concentrations Ci. The ionic current I is calculated by 

integrating the flux of positive and negative ions over the channel cross section (dA): 

 

( )∫ ⋅+= dAJJI pn  (8) 

 

The equations are solved using a finite difference technique implemented in the SEMS code, which 

was previously used to model plasma flow [35]. The convergence of the solution is ensured by the fact 

that within 400 simulation steps (the average iteration steps of a PNP run in this study) the residuals 

have decreased about 4 orders of magnitude.  

Although for narrow channels PNP tends to overestimate conductance properties [28], it has been 

used with considerable success to calculate average ion fluxes in a variety of biological systems [9, 10, 

45].  

 

5 RESULTS AND DISCUSSION 

 



 
5.1 Diffusion coefficients  

 
Einstein showed for three dimensional systems that, for long times, the mean square displacement 

of the diffusing particle is proportional to the time, following: 

∞→>−=< tasrtrDt ii
2)0()(6        (9) 

where ri(t) is the position vector of the particle at time t, D is the diffusion coefficient and <> means 

average over particles [46]. Molecular dynamics (MD) simulations allow us to calculate the mean 

square displacement, MSD (right hand side term in Eq. 9) as a function of time. This equation is most 

accurate when applied for situations in which the system has reached the diffusive regime (linear 

relationship between the mean square displacement and time). For ions in concentrated solutions, to 

compute transport coefficients one has to significantly exceed the characteristic Debye time, usually 

requiring time scales of nanoseconds [6,8,36,37,38]. For example, for simple 1-1 electrolyte solutions 

in the molar range the value of the Debye time is about 100 ps. 

For the purpose of the present study, the diffusion coefficients are calculated for the following five 

selections including all ions for each ionic species (K+ and Cl-) within: 

1. the unit cell (622 Cl- and 636 K+) 

2. the unit cell (UC) but not the α-hemolysin pore (592 Cl- and 610 K+) 

3. the α-hemolysin pore (30 Cl- and 26 K+) 

4. the α-hemolysin cap (23 Cl- and 20 K+) 

5. the α-hemolysin stem (7 Cl- and 6 K+) 

Selections 3-5 are shown in Fig. 6 in which the ions are represented as differently colored van der 

Waals spheres for the cap and stem sections of the pore. Only the few ions from the bulk solution 

located in the close proximity of the pore that enter the pore early during the dynamics are included in 

these selections. 

The reason why there are more cations than anions in the unit cell is that 14 of the K+ ions are used 

to neutralize the pore. These ions were not held fixed during the simulation time and were considered in 

the diffusion coefficient calculations for selections 1 and 2.  

 



The time evolution of the MSD for these five selections for the K+ and Cl- ions from the 1ns MD 

production runs is shown in Fig. 7. The diffusion coefficients are then calculated using Eq. 9, and the 

values are summarized in Table 4. The values of the standard deviations in Table 4 are calculated from 

six repeated MD runs using different random initial seeds to initialize the atomic velocities. Of the six 

MD runs, the initial run is 1ns long and the five additional runs are 500 ps long. The percent error in 

Table 4 indicates the percentage from the mean value represented by the standard deviation. 

 

Table 4. Diffusion coefficients of the K+ and Cl- ions for five different selections and for a 120 mV 

external applied voltage. The standard deviations are calculated from six repeated MD runs using 

different random initial seeds for atomic velocities initialization. The percent error indicates the 

percentage from the mean value represented by the standard deviation. 

Ions selection DK+ (10-9 m2/s) % Error DCl-(10-9 m2/s) % Error 

All within UC 1.99±0.05 2.5 1.81±0.05 2.8 

All within UC not in the pore 2.80±0.35 12.5 1.88±0.05 2.7 

Within the pore 0.42±0.08 19.1 0.48±0.17 35.4 

Within the pore cap 0.44±0.08 18.2 0.53±0.09 16.9 

Within the pore stem 0.37±0.09 24.3 0.33±0.15 45.5 

 

The bulk K+ ions have a slightly larger diffusion coefficient than the Cl- ions. This difference is 

expected, based on the smaller solvation energy of Cl- ions compared to K+ ions (see values in section 

3). For comparison, a box with pure 1M KCl ionic solution containing 621 ion pairs (94Åx94Åx140Å) 

has diffusion coefficients of 1.8·10-9 m2/s for K+ and 1.5·10-9 m2/s for Cl-, determined from 550 ps of 

MTS-NVE dynamics. These values are smaller than those calculated for selections 1 and 2. The 

presence of the α-hemolysin pore in the unit cell seems to lead to an increase in the overall motion of 

the ions in the bulk solution (selection 2), most probably due to electrostatic potential of the protein. By 

adding to selection 2 the ions within the pore boundaries (selection 3) that have a more restricted 

motion, the diffusion coefficient is slightly decreased (selection 1). For both ionic species, the diffusion 

coefficients inside the pore (selections 3-5) are five to seven times smaller than for the bulk ions. 

 



Mainly due to geometric constraints, ionic channels are known to have restrictive effects on the motion 

of ions [15, 25]. Additionally, the average value of Cl- diffusion coefficients inside the pore boundary is 

slightly larger than that of the K+ ions. 

Within the pore, the cap has a larger cavity and is able to accommodate more ions (~23 pairs) than 

the stem (~7 pairs). The diffusion coefficients of the ions in the cap are also larger than those calculated 

for the stem selection also having a lower precision because of reduced statistics. As the pore stem 

forms the narrower part of the channel, only a few ions are present at a time inside. This is reflected in 

the variation with time of the mean square displacement (Fig. 7): the lines are smooth for the large 

selections of ions in the bulk solutions but exhibit strong fluctuations for selections containing small 

number of ions (especially the red line in Fig. 7 that corresponds to the selection of ions within the pore 

stem). The percentages represented by the standard deviations from the mean values (Table 4) 

calculated for the pore ions selections also exhibit larger values (17-46%) compared to the bulk ions 

selections (~3%).  

The presence of the ionic channel introduces inhomogeneities in the system, as the motion of the 

ions usually becomes preferential in one direction versus the others. Thus, it is meaningful to calculate 

separately the parallel ( ) and perpendicular ( ) components of the diffusion coefficients.  ||D ⊥D

 

Table 5 Axial ( ) and radial ( ) components of the diffusion coefficients for both ionic species 

inside the pore, pore cap and pore stem. The values of the correlation coefficients corresponding to a 

least square fit are indicated between brackets.  

||D ⊥D

Selection Ion D (10-9 m2/s) 
||D  (10-9 m2/s) ⊥D  (10-9 m2/s) 

Inside the pore 26 K+ 

30 Cl- 

0.42±0.08 (0.89) 

0.48±0.17 (0.93) 

0.53±0.16 (0.95) 

0.58±0.18 (0.98) 

0.37±0.08 (0.93) 

0.43±0.09 (0.95) 

Inside the pore cap 20 K+ 

23 Cl- 

0.44±0.08 (0.91) 

0.53±0.09 (0.97) 

0.53±0.14 (0.95) 

0.67±0.15 (0.85) 

0.39±0.09 (0.93) 

0.47±0.08 (0.96) 

Inside the pore stem 6 K+ 

7 Cl- 

0.37±0.09 (0.86) 

0.33±0.15 (0.78) 

0.47±0.18 (0.5)  

0.41±0.16 (0.73) 

0.32±0.11 (0.52) 

0.30±0.16 (0.76) 

 



 

With the channel oriented parallel to the space Oz axis, the two components of the ionic 

diffusivities are by definition: 

∞→>−=< tastztzD ii 2/)0()( 2
||        (10) 

( ) ∞→>−<+>−<=⊥ tastytyxtxD iiii 4/)0()()0()( 22
   (11) 

These components are evaluated for selections 3-5, and the values are summarized in Table 5. 

Again, the standard deviations in Table 5 are calculated from six repeated MD runs using different 

random initial seeds to initialize the atomic velocities. The correlation coefficients indicated between 

brackets in Table5 are a measure of the deviation of the time variation of the mean square displacement 

from the linear regime. As the value of the correlation coefficient approaches one, the fit is closer to 

linear. 

Due to poor statistics, the total, axial and radial diffusion coefficients of the ions inside the pore 

stem are determined from linear fits characterized by low correlation coefficients and have large 

statistical uncertainties (40-60%). However, the data seem to point that for the ions located inside the 

pore stem the axial movement is dominant and is larger for K+ than for Cl-. Inside the pore cap, the 

axial component still dominates over the radial component, but this time there seems to be a somewhat 

stronger drift of the Cl- ions than of the K+ ions towards the protein walls. The radial components of the 

ionic diffusivities within the pore are determined by the interaction with the atoms on the pore walls 

and have comparable values with the axial diffusivities.  

The diffusion coefficients in Table 4 and Table 5 are determined for a 120mV applied external 

voltage (∆V). In principle, by performing equilibrium molecular dynamics simulations, the additional 

energy resulting from the external field should be dissipated. For small external voltages, far from the 

plasma regime, the diffusion coefficient of ions should be independent of the value of the external 

electric field. To calculate the current voltage characteristics for the α-hemolysin channel, based on the 

fluctuation-dissipation argument, one could use the diffusion coefficient determined for 120mV. Thus, 

it is more of an academic exercise to study the dependence of the diffusion coefficients of both K+ and 

Cl- ions as a function of ∆V. One-nanosecond long MD simulations were repeated for a range of ∆V 

 



between 30 mV and 240 mV. The diffusion coefficients for selections 2 and 3 as defined in the 

beginning of this section are calculated according to Eq. 9 and are summarized in Table 6. 

 

Table 6. Diffusion coefficients of the K+ and Cl- ions for a range of external applied potentials ∆V 

between 30 mV and 240 mV. 

DK+ (10-9 m2/s) DCl-(10-9 m2/s) ∆V (mV) 

solution pore solution pore 

30 1.89 0.41 1.71 0.49 

60 2.12 0.38 1.79 0.49 

90 1.96 0.42 1.85 0.48 

120 2.01 0.38 1.81 0.31 

150 2.14 0.42 1.8 0.36 

210 2.3 0.45 1.89 0.46 

240 2.2 0.44 1.84 0.55 

 

Indeed, for both K+ and Cl- ions in the bulk solution and within the pore boundary, the variation in 

the calculated diffusion coefficients is less than 15%. This variation falls within the error range with 

which the diffusion coefficients are determined (Table 4), suggesting that for small voltages, the 

diffusion coefficients are independent of ∆V. 

The diffusion coefficients determined for the whole pore are calculated from a better fit than for the 

pore cap or stem and represent best the “average” effect of the protein on the ions. In addition, as there 

seems to be no noticeable effect of the external applied voltage on the diffusion coefficients, the values 

determined at 120mV are further used in the PNP model to study the conductance properties of the α-

hemolysin channel. 

 

5.2 Ionic currents  

 

 



The total ionic current with its anionic and cationic components are calculated via the PNP model 

over a range of external applied voltages varying from –240 mV to 240 mV. Experimental data is 

available for a 0.1M KCl solution for a smaller voltage range (-150 mV to 150 mV) [17]. To compare 

the present calculations with the experimental determinations, the experimental data were rescaled 

under the following assumptions. The KCl solution is known to be a strong electrolyte [29,39]. A linear 

relationship thus exists between the α-hemolysin conductance and the solution molarity. In addition, 

experimental evidence [17] indicates that for a constant voltage a linear relationship also exists between 

the mean conductance of the α-hemolysin channel and the conductivity of the electrolyte solution for 

different KCl concentrations. Thus, the values of the ionic current measured at 0.1M should be scaled 

up by a factor of 10 (the ratio between molarities) to generate the I-V characteristic corresponding to a 

1M concentration. A second order polynomial was fit using the least square procedure through the 

rescaled experimental data points (residual R2=0.99). These fitted parameters were then used to 

generate the experimental values of the ionic current at a molarity of 1M for voltage values between –

150 mV and 150 mV.  

Both experiments (triangles in Fig. 8) and simulations (squares in Fig. 8) show that the α-hemolysin 

channel has a rectifying behavior: superlinear at positive applied ∆V and sublinear for negative values 

of ∆V. For reference, the I-V characteristic of a smooth cylinder of constant radius was also calculated 

(diamonds in Fig. 8) showing that in the absence of charges and geometrical variations, a linear 

dependence exists.  

A value of 120 pA for the open channel ionic current is referenced in the translocation experiments 

performed with the α-hemolysin channel [2, 3, 4, 19]. This value is determined for an applied 120 mV 

voltage and for a 1M KCl solution. Other studies [17, 18] also reference the conductance of the α-

hemolysin channel as being ~1nS corresponding to an applied 120 mV voltage.  

Considering the pore ions diffusion coefficients and the associated uncertainties calculated from six 

repeated MD runs (Table 4), the ionic current corresponding to a 120mV voltage drop is 150.9±31.5 

pA of which ~60% originates from the anions and ~40% from the cations. The pore conductance is 

1.26±0.26 nS. Within the determined standard deviations, the calculated values for the open channel 

ionic current and conductance are in good agreement with the existing experimental evidence (Fig. 8). 

 



The dominating contribution from the anions (inset of Fig. 8) seems related to the fact that, in the pore, 

anions have slightly larger diffusivities than cations (Table 4).  

The six determinations of diffusivities from repeated MD simulations contain one set of values 

(determined from the one nanosecond MD run) for which the K+ diffusivity (0.38*10-9 m2/s) is larger 

than the Cl- diffusivity (0.31*10-9 m2/s). To prove the slight anion selectivity of the channel the ionic 

current value and its component was calculated using the PNP model. Although the cation diffusivity is 

larger, the anion current component should dominate. 

The I-V characteristic determined for this set of diffusion coefficients is also shown (circles in Fig. 

8) and lies within the previously determined standard deviations. The ionic current calculated for an 

applied 120mV potential difference is 114.8 pA. The corresponding conductance is 0.96 nS, again in 

good agreement with the experimental determinations. Although the cation diffusivity is larger than 

that of the anions, fifty-one percent of the total current (~58.6 pA) is contributed by the anionic flow 

and 49% (56.2 pA) by the cation flow. From the same one nanosecond MD trajectory, the values of 

0.22*10-9 m2/s for K+ and 0.18*10-9 m2/s for Cl- are determined for the pore stem selection. 

Correspondingly, the total ionic current drops by a factor of ~1.7 (~66.6 pA) and the anion (32.5 pA) 

and cation (34 pA) components scale by the same factor with the anionic component dominating. If one 

decreases the minimum radius of the pore at the constrictions to 6.25 Å, value closer to the real channel 

constriction diameters, the total current becomes 108.9 pA, underestimating the experimental value by 

~9%. This is still a good prediction given the relative simplicity of the employed hybrid MD-PNP 

model. For the pore stem approximated by a smooth cylinder of radius 8.75 Å (no constricting blocks) 

the current is 132.9 pA. Thus, the geometric presence of the two constrictions is responsible for 

reducing the current by 21% of which ~7% is due to C2 and ~16% to C1 (Table 7). 

Indeed, the ionic currents should decrease more in the presence of the larger constriction C1 than 

that of C2. The effect should sum up when both constrictions are present. In the absence of atomic 

charges, the contribution to the total current should also be larger for the cations than for the anions in 

direct proportionality with the one nanosecond MD determined diffusion coefficients (0.38*10-9 m2/s 

for K+ and 0.31*10-9 m2/s for Cl-). The values in Table 7 are useful for a qualitative analysis of what 

determines the value of the ionic current when all the critical system parameters are included 

(constrictions and charges). As shown above, in bulk ionic solution the diffusion coefficient of K+ ions 

 



is larger than that of Cl- ions. Inside a smooth cylindrical pore the diffusion coefficients will be scaled 

down to some value however without altering the hierarchy: K+ will still diffuse faster than Cl- leading 

to a larger cationic versus anionic component. The presence of some geometrical constrictions may 

reduce the diffusion coefficients even more but would again only determine the absolute values of the 

ionic current and not reorder the anion and cation contributions. Constrictions are clearly reducing the 

ionic current. However, the pore specific surface chemistry is responsible for increasing the total 

current by disproportionally increasing the anion over the cation current contribution. 

 

Table 7 Open channel ionic currents for α-hemolysin corresponding to a 120 mV applied potential and 

1M KCl solution. The pore stem is approximated by a cylinder of radius 8.75 Å. At the two 

constrictions the radius is reduced to 6.75 Å. The diffusion coefficients of the two ionic species 

determined from one nanosecond of MD are 0.38*10-9 m2/s and 0.31*10-9 m2/s, respectively.  

 I (pA) 

 total K+ Cl- 

Smooth cylinder with two constrictions 

and fixed charges 

114.8 56.2 58.6 

Smooth cylinder 132.9 73.2 59.7 

Smooth cylinder with constriction C2 123.6 68.1 55.5 

Smooth cylinder with constriction C1 111.6 61.5 50.2 

Smooth cylinder with two constrictions 

(C1 and C2) 

104.9 57.8 47.2 

 

The electric field in the pore becomes distorted by the dielectric boundary and enhanced by the 

fixed charges (Fig. 9). In the absence of any fixed charges on the protein and for a simple cylindrical 

geometry that includes the two constriction blocks, the strength of the electric field across the channel 

induced by a membrane potential of 120 mV drops linearly. The geometry is only responsible for 

 



curving the field lines. For both direct and reverse potential (-120 mV), with the addition of charges, 

local variations inside the channel around the two constrictions are observed. The strength of the 

electric field increases sharply around the edges of the constriction blocks and decreases in some 

regions of the pore along the pore walls. The potentials inside the molecule are larger in magnitude than 

the applied potential ranging from –420 mV to 380 mV (Fig. 9). The more saturated red and blue 

regions (Fig. 9, top) are correlated with the position of the amino acids on the pore stem as indicated in 

Fig. 5 (the representation in the PNP model is rotated by 1800). The dipole associated to the pore stem 

enhances the electrical potential values in the region with 0mV-applied potential, and reduces the 

potential values in the 120mV-applied potential (Fig. 9, bottom). 

It is known that for ion channels strongly selective towards one of the permeating ion species, the 

passage of anions may depend on the presence of cations and vice versa, especially in constricted 

regions [28]. Such ion-ion paring (observed to a less extent in bulk solution) increases with 

concentration, and results in the reduction of the effective ion diffusion coefficients. Within the pore 

boundary, such correlations become important, leading to concentration build up several times larger 

than the concentration in the bulk solution. For example, for OmpF, both K+ and Cl- concentrations 

raise to more than 5M in the constriction zone while the molarity in the bulk solution is only 1M [28]. 

If such effects are not considered by including a concentration dependent diffusion coefficient or an 

empirical scaling factor of the ions diffusion constants, the PNP calculations overestimate the 

conductance and the ionic current values (for OmpF this amounts to about 20%).  

So far, our PNP model does not include such correction factors. Experimental evidence [17] shows 

that the α-hemolysin channel is only slightly anion selective. The smallest constriction is ~12Å (about 

25% larger than the constriction of OmpF) thus, the effect of a concentration built up might have less 

impact on the conductance properties. However, more insight into the presence of such effects in the α-

hemolysin pore is required.  

 
5.3 Pore selectivity 

 
The inset in Fig. 8 shows that the ratio of anionic versus cationic current components is about ~1.2. 

This value is in agreement with the experimental determination of the ratio of transport coefficients of 

Cl- versus K+ [17]. Once again this demonstrates that the channel has slight anion selectivity, meaning 
 



that the channel is open to and will transport both ion types however with a slight preference for Cl- 

versus K+.  

The best binding energies of the K+ and Cl- ions with the “reduced” representation of the α-

hemolysin pore are calculated using the GRID (Molecular Discovery Inc.) software. Fig. 10 (top) 

shows the distribution of the best binding sites for K+ (left) and Cl- ions (right). Inside the channel, the 

cis and trans ends offer favorable binding sites for the positive potassium ions with the best overall 

binding energy of –40 kcal/mol. For chloride ions however, the best binding sites are distributed around 

the C1 constriction with a much smaller overall energy of only –9 kcal/mol. These distributions are 

correlated also with the electrostatic potential lines in Fig. 9 (top).  

The slight anion selectivity most probably originates from the fact that the LYS amino acid that has 

a basic character (thus, being attractive to anions) defines the smallest radius for constriction C1. Thus, 

Cl- passage (and to a lesser extent that of K+) is favored through the narrowest part of the channel. 

The chemistry of the second constriction (C2) seems to be less important for ions than for water. 

The LEU amino acid that forms C2 is hydrophobic. From both, binding sites calculations and MD 

simulations (Fig. 10), the distribution of water molecules exhibits discontinuities around the two 

constrictions (C1 includes MET that is a hydrophobic amino acid), due to geometry and local 

chemistry. For comparison, the best binding energy for water in the channel is –16 kcal/mol. 

 

6 CONCLUSIONS 

 
A hybrid MD PNP model is employed to study the conductance properties of the α-hemolysin 

channel solvated in a 1M KCl solution. The diffusion coefficients of the K+ and Cl- ions are calculated 

from full atomistic MD simulations. It is found that the diffusion coefficients of the ions within the 

channel are reduced by a factor of 5-7 relative to bulk solution, consistent with previous studies of ions 

within various model channels [15, 27]. At 1M concentration the pore channel only includes ~30-34 

ion pairs leading to relatively poor statistics for the analysis of the diffusion process. The small number 

of ions used to calculate the time variation of the mean square displacement will lead to a noisy profile 

and to deviations from linearity. This is reflected in the statistical variations (17-45%) of the standard 

deviations of the ionic diffusivities. The axial and radial components of the pore-ions diffusivities are 

 



determined with even lower precision. However, there seems to be a trend in the values indicating a 

dominant axial movement of the ions (the radial component of the motion is hindered) that could be 

associated with the presence of the pore strong dipole field. The variation of ionic diffusivities with the 

applied voltage (30 mV to 240 mV) lies within the statistics determined from repeated MD runs. Thus, 

one may conclude that the ion diffusivities are independent on the applied potential which, based on the 

assumption of the fluctuation-dissipation theory, is to be expected.  

Although in the PNP simulations only the stem of the pore is included, approximated by a smooth 

cylinder (R=8.75 Å) with two constriction blocks (R=6.75 Å), the calculated conductance properties of 

the channel are, within statistics, in very good agreement with the experimental current-voltage 

profiles. The distribution of atomic charges characteristic to the α-hemolysin pore is responsible not 

only for the rectifying behavior of the channel but also for its slight anion selectivity. The anions are 

the major contributors to the total ionic current, regardless of the relative values of the anion and cation 

diffusivities.  

The beauty of the present hybrid MD-PNP model is that it accounts for the key parameters 

(diffusion coefficients and channel specific chemistry) responsible for both the rectifying behavior of 

the channel and its “slight” anion selectivity without being computationally too expensive or difficult to 

use. 

In the future, this hybrid model will be used to account for the presence of polynucleotides 

inside the protein channel in an attempt to predict blockade durations for various translocating 

polymers. The model will be also used to calculate ionic currents for both organic and inorganic pores 

in the presence of pore-specific surface chemistries. Results could be used in the experimental design 

of a solid-state nanopore with single nucleotide resolution for sequencing purposes. 
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Figure 1 Cartoon representation of the α-hemolysin protein. The frontal view on the left shows the seven
individually colored chains (labeled A to G) that form the protein. For the lateral view on the right the amino
acids are colored according to their charge and polar character: acidic in red, basic in blue, hydrophobic in
white and hydrophilic in green.  
Figure 2 The amino acids sequence of one of the seven chains (A-G) that form the α-
hemolysin protein channel. The total charge per protein chain is +1e- as the sum of positively
(ASP (red) and GLU (pink)) and negatively (LYS (blue) and ARG (green)) charged amino
acids. The yellow highlighted amino acids were selected for the reduced model of the pore in
the MD simulations. For the pore stem used in the PNP model, the pink highlighted sequence
was considered. 
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Figure 3: Left: Projection in the axial plane of the α-hemolysin channel. The internal diameter of the pore
corresponding to each position z along the channel axis is shown. The blue points represent the selection for
the “reduced” representation of the pore used in the MD calculations of ion diffusion coefficients. The inset
shows the reduced representation (purple) overlapped on the full α-hemolysin structure (blue).  
Right: Schematic representation of α-hemolysin channel. In the PNP model a 2D grid (represented as
concentric rings) corresponding to a cylindrical polar coordinate system is applied over the pore stem (dark
area). 

 



 

 

Figure 4 Connolly surface of the solvent selection inside the α-hemolysin channel. 
The Cerius2 software [Accelrys Inc.] was used to generate the image. 
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Figure 5 TOP: Lateral view of the pore stem. The location of the charged amino acids
is shown using the following color code: LYS in blue, ASP in red, GLU in pink. The
location of the two constrictions (C1 and C2) is indicated by the red arrows. C1 is formed
by GLU, LYS, MET (orange) and THR (black). C2 is formed by a set of LEU (green)
residues.  

BOTTOM: View perpendicular to the channel axis. Only the amino acids that form the 
two constrictions are shown.  
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Figure 6: Snapshot from an MD simulation of the α-hemolysin system in a 1M KCl
solution and an external applied electric field. The following selections for the ions are
shown as van der Waals spheres: K+ ions inside the pore cap (light green), Cl- ions
inside the pore cap (light blue), K+ ions inside the pore stem (yellow) and Cl- ions
inside the pore stem (red). The solvent molecules (SPC/E water) are not displayed. 

  

 

 



 

Figure 7 Mean square displacement versus time for Cl- ions (left) and K+ ions (right) from one nanosecond MD.
The following selections are considered: all ions in the unit cell (blue line), all ions in the unit cell but not within
the α-hemolysin pore (purple line), ions inside the α-hemolysin pore (green line), ions inside the α-hemolysin cap
(black line) and ions inside the α-hemolysin stem (red line). 

 



 

Figure 8: Current-voltage characteristics of the α-hemolysin channel from MD-PNP calculations for a
smooth cylindrical geometry (diamonds) and for a pore with polar walls (squares and circles).
Experimental data points determined for a 0.1M KCL concentration are also shown (triangles), after
being linearly scaled to 1M. The inset represents the ratio between the anion and the cation components
of the ionic current for the pore with polar walls. Error bars in the ionic current values (squares) are
determined from the standard deviations of the diffusion coefficients (Table 4). The I-V curve
calculated using the diffusion coefficients determined from one nanosecond MD run is also shown
(circles).  
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Figure 9 Schematic view of the α-hemolysin protein stem used in the PNP model. Red indicates
regions of high potential and blue indicates low potential. The applied potential is +0mV on the right
side and +120mV on the left side (bottom). The potentials inside the molecule are larger in magnitude
than the applied potential ranging from –420 mV to 380 mV (top). The scales on the right are in units of
Volts.  



 

Cl-: –9<E<-1.5 kcal/mol

water: –15<E<-5 kcal/mol
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Figure 10. Binding energies inside the alpha hemolysin pore for K+ (top left), Cl- (top right) 
and water (bottom left). The blue colored regions indicate the distribution of the binding 
sites that have energy within the range indicated in the captions. For comparison (bottom 
right), the distribution from MD simulations of solvent molecules in the van der Waals 
representation inside the pore stem is shown (water molecules in red, K+ in light green and 
Cl- in blue). 

 

 

 

 


